b Xanthomonas oryzae pv. oryzicola causes bacterial leaf streak of rice. A mutant disrupted in wxocB, predicted to encode an enzyme for lipopolysaccharide (LPS) synthesis, was previously shown to suffer reduced virulence. Here, we confirm a role for wxocB in virulence and demonstrate its requirement for LPS O-chain assembly. Structure analysis indicated that wild-type LPS contains a polyrhamnose O chain with irregular, variant residues and a core oligosaccharide identical to that of other Xanthomonas spp. and that the wxocB mutant lacks the O chain. The mutant also showed moderate impairment in exopolysaccharide (EPS) production, but comparison with an EPS-deficient mutant demonstrated that this impairment could not account entirely for the reduced virulence. The wxocB mutant was not detectably different from the wild type in its induction of pathogenesis-related rice genes, type II secretion competence, flagellar motility, or resistance to two phytoalexins or resveratrol, and it was more, not less, resistant to oxidative stress and a third phytoalexin, indicating that none of these properties is involved. The mutant was more sensitive to SDS and to novobiocin, so increased sensitivity to some host-derived antimicrobials cannot be ruled out. However, the mutant showed a marked decrease in type III secretion into plant cells. This was not associated with any change in expression of genes for type III secretion or the ability to attach to plant cells in suspension. Thus, virulence of the wxocB mutant is likely reduced due primarily to a direct, possibly structural, effect of the loss of the O chain on type III delivery of effector proteins.
X
anthomonas oryzae pv. oryzicola is the causal agent of bacterial leaf streak of rice. The pathogen enters through leaf stomata or wounds and colonizes the parenchyma apoplast, causing interveinal lesions that develop into necrotic streaks. Under conditions favorable for disease, yield losses can be as high as 30% (1) . Some quantitative trait loci for resistance to bacterial leaf streak have been identified (2) , but due to the lack of rice cultivars with major resistance genes, disease management methods are limited. An understanding of virulence mechanisms of X. oryzae pv. oryzicola is important for developing effective control strategies. Previously, we reported the isolation of a transposon insertion mutant of X. oryzae pv. oryzicola strain BLS303, designated TN38C10, that shows markedly reduced virulence (3) . TN38C10 carries a single transposon insertion in the wxocB gene and is here referred to as BLS303wxocB Ϫ . The wxocB gene encodes a predicted glucosyltransferase homologous with rhamnose-glucose polysaccharide assembly protein F (RgpF) of Streptococcus mutans (4, 5) . wxocB resides in a gene cluster predicted to function in the synthesis of lipopolysaccharide (6, 7) . Here, we present further characterization of BLS303wxocB
Ϫ , including structural analysis of its lipopolysaccharide (LPS), establishing the requirement of wxocB for full virulence and for assembly of the polyrhamnose O chain of the BLS303 LPS. We also show that wxocB is required for wild-type levels of type III protein secretion into rice cells, explaining at least part of the virulence defect and revealing a functional link between LPS and this important protein delivery system.
LPS is an extracellular component of many Gram-negative bacteria that is anchored to the outer membrane. It comprises three covalently linked components: an outer membrane-bound moiety called lipid A, a core oligosaccharide, and the outermost polysaccharide, known as the O chain (8) . LPS is thought to protect against environmental stresses and antimicrobial compounds by restricting membrane permeability. LPS also has important biological effects on eukaryotic cells. In animals, LPS can trigger innate immune responses, including production of cytotoxic and inflammatory compounds that can cause host cell death and disease (9) . Many of the important biological effects of LPS on animal cells are attributable to the lipid A portion, also known as endotoxin, but some are also attributed to the core oligosaccharide. Both of these components vary in structure across species and strains, but they are relatively more conserved than the O chain, which varies considerably and functions as an important antigen for serotyping (10) .
LPS has also been shown to play important roles in plantbacterium interactions (11) (12) (13) . Plants recognize certain LPSs as microbe-associated molecular patterns (MAMPs), which trigger innate defense responses (14) (15) (16) (17) . In Arabidopsis, both the core and lipid A of Xanthomonas campestris LPS trigger independently the induction of the defense genes PR1 and PR2 (15) . Defense responses in citrus and tobacco are induced to a lesser extent by a mutant strain of X. axonopodis pv. citri lacking the O chain than by the wild type, suggesting a defense-eliciting role for the O chain as well; notably, this O chain has a structure somewhat distinct from that of X. campestris pv. campestris (17) .
LPS has also long been implicated in having a positive role in plant pathogenesis, owing to the isolation of reduced virulence mutants that exhibit LPS deficiencies. Also, purified LPS was observed early to be an inhibitor of the defense-associated hypersensitive reaction (HR) (11) . However, still relatively little is known regarding how LPS might contribute to virulence. In X. citri, LPS mutants that were reduced in virulence showed poor biofilm formation, providing one plausible connection (18) . However, progress has otherwise been rather limited, largely because mutations that cause LPS defects are often pleiotropic, altering other components or properties important for pathogenesis, such as extracellular polysaccharide (EPS), or, more generally, reducing resistance to environmental stresses (19) (20) (21) (22) (23) .
The type III secretion (T3S) system, conserved among pathogens of plants and animals, delivers bacterial effector proteins into host cells that collectively are essential for pathogenesis. Some of these effectors suppress host innate immune responses (24) . In Shigella flexneri, the causal agent of dysentery, glucosylation of the LPS O chain is required for pathogenesis, and this requirement relates to an effect on T3S. Glucosylation maintains a coiled configuration for LPS and allows the T3S pilus to extend beyond it and efficiently deliver effectors (25) . Related to this, shorter O-chain length increases the efficiency of the SPI1-T3S system and invasiveness of Salmonella (26) . Regulatory dependencies of T3S on LPS have been reported for Pseudomonas aeruginosa (27) and Yersinia enterocolitica (28, 29) .
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are presented in Table 1 . Escherichia coli was cultured in Luria-Bertani (LB) medium at 37°C. X. oryzae pv. oryzicola strains were cultured in glucose yeast extract (GYE) (20 g glucose and 10 g yeast extract per liter) or nutrient broth (NB) medium (8 g per liter) at 28°C. Kanamycin (50 g/ml), spectinomycin (25 g/ml), and gentamicin (25 g/ml)
were added to growth media as appropriate for selection. Plasmids were introduced into E. coli and X. oryzae pv. oryzicola by electroporation.
Plant material and bacterial virulence assays. Indica rice variety IR24 plants were grown in a growth chamber under a cycle of 12 h of light at 28°C and 12 h of dark at 25°C. Plants were inoculated at 6 weeks with bacterial suspensions in sterile distilled water at approximately 1 ϫ 10 8 CFU/ml (optical density at 600 nm [OD 600 ] ϭ 0.4), unless noted otherwise, using a needleless syringe (30) . Following inoculation, plants were returned to the growth chamber. Lesion lengths were measured 10 days after inoculation. For the bacterial population assay, for each sample, a 3-cm-long leaf section centered on the inoculation site was collected and ground in 0.5 ml sterile distilled water. Bacterial populations were measured by dilution plating of these homogenates onto GYE agar. For each time point per inoculum, three independent inoculations were sampled individually, and the mean and standard deviation were then calculated. Experiments were repeated three times.
Cloning of wxocB. A 1.9-kb fragment containing the wxocB gene was amplified from BLS303 genomic DNA by using gene-specific primers (Table 2 ) and ligated into pCR2.1 TOPO TA (Invitrogen), yielding pLW4. Fidelity of amplification was confirmed by complete sequencing of the cloned fragment. The plasmid was then digested with HindIII and EcoRI, and the 1.9-kb fragment containing wxocB was gel purified and ligated into pUFR047, resulting in pWxocB.
LPS purification and analysis. Bacteria cultured overnight in NB medium were diluted to an OD 600 of 0.4, further diluted 1,000-fold, plated at 100 l per plate onto 200 large (175-mm) NB agar plates, and incubated for 5 days at 28°C. Cells were harvested and suspended in sterile distilled water, centrifuged for 1 h at 13,000 ϫ g, washed twice with 0.9% NaCl and once with distilled H 2 O, and then resuspended in 100 ml of distilled H 2 O. LPS was extracted by using a modification of the hot phenol-water method described previously (31) . In detail, bacterial suspensions were heated to 80°C by using a water bath. One hundred milliliters of phenol heated to the same temperature was added, and suspensions were kept at 80°C for 90 min, with vigorous mixing every 10 min. Solutions were cooled for 30 min on ice, dialyzed in tubing (molecular mass cutoff of 3,500 Da) against running tap water for 4 days, and then concentrated by covering the dialysis tubes with polyethylene glycol 8000 (PEG 8000) flakes for several hours. After concentration, solutions were centrifuged for 30 min at 10,000 ϫ g. Next, 150 l DNase I (3 mg/ml) and 50 l RNase A (10 mg/ml) were added, and solutions were incubated at 37°C for 4 h. One hundred fifty microliters of protease K (2.5 mg/ml) was then added, and the solution was incubated at 37°C overnight before being dialyzed again against running tap water for 2 days. LPS was obtained by lyophilization and then washed by resuspension in 5 ml double-distilled water (ddH 2 O), followed by centrifugation overnight at 80,000 ϫ g. For Tricine SDS-PAGE, LPS was resuspended in Tricine sample buffer (Bio-Rad), separated in a 16.5% acrylamide gel according to the manufacturer's instructions, and visualized by silver staining (32) . LPS structure determination. LPS (100 mg) was hydrolyzed with 2% acetic acid (6 ml) at 100°C for 4 h, and following removal of precipitated lipid A by centrifugation at 10,000 ϫ g, the concentrated water-soluble products were fractionated by Sephadex G-50 chromatography and then further separated by anion-exchange chromatography on a Hitrap Q column (5 ml; Amersham) in a 3-ml/min gradient of water (first 20 min) to 1 M NaCl over 1 h with UV detection at 220 nm. The 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded by using a Varian Inova 600 instrument in D 2 O solutions at 25°C or 30°C and referenced to an acetone standard ( 1 H, 2.23 ppm; 13 C, 31.5 ppm). Varian standard pulse sequences correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY) (mixing time, 120 ms), nuclear Overhauser effect spectroscopy (NOESY) or rotating frame Overhauser effect spectroscopy (ROESY) (mixing time, 200 ms), heteronuclear single quantum coherence (HSQC), and gradient-selected heteronuclear multiple bond coherence (gHMBC) (optimized for a 5-Hz coupling constant) were used. Monosaccharide analysis was performed by using gas chromatographymass spectrometry (GC-MS) of alditol acetates, as described previously (33) . Methylation analysis was performed as described previously (34) . All electrospray ionization (ESI) MS and ESI tandem MS (MS/MS) experiments were performed by using a hybrid quadrupole time of flight (Q-TOF) instrument (Micromass, Manchester, United Kingdom).
Isolation of the EPS-deficient mutant of BLS303. A library of transposon insertion mutants of BLS303 (3) was screened for nonmucoid colonies on GYE agar. Insertions were mapped as described previously (3) . An isolate with a single forward-oriented insertion 584 bp from the start codon of the 1,455-bp gumD gene was selected and designated BLS303gumD
Ϫ . Quantification of EPS. EPS was quantified essentially as described previously by Amikam and Galperin (35) . Briefly, 10-ml bacterial cultures were grown in GYE for 2 days at 28°C, reaching an OD 600 of approximately 0.4. Supernatants were collected by centrifugation at 10,000 ϫ g for 20 min. EPS was precipitated by addition of 2 volumes of ethanol and incubation at Ϫ20°C for 30 min. The precipitated EPS was harvested by centrifugation, lyophilized, and weighed.
RT-PCR analysis of rice gene expression. For pathogenesis-related gene expression assays, 6-week-old IR24 rice plants were inoculated, as described above for the virulence assay, with bacterial suspensions of approximately 10 8 CFU/ml, and rice leaf segments surrounding the inoculation site or developed lesion were collected at 2, 8, 16, 24, and 96 h after inoculation. To assay the type III secretion-dependent induction of the LOC_Os06g46500 gene, 4-week-old plants were used, and leaves were collected at 96 h. RNA was extracted from the inoculated leaves by using a modified hot Trizol protocol (36) and treated with RNase-free DNase I (Invitrogen). Reverse transcription (RT) was carried out on 1 g RNA in a 20-l reaction mixture by using Superscript reverse transcriptase III (Invitrogen) according to the manufacturer's instructions. Two microliters of RT product corresponding to 100 ng total RNA and Platinum Taq (Invitrogen) were used for PCR. The primer sets used are listed in Table 2 .
Secreted protease and flagellar motility assays. To detect secreted protease, NB agar with 10% nonfat milk was overlaid onto normal NB agar plates, and 10 ml each of bacterial cell suspensions at an OD 600 of 0.4 was spotted onto the plates. Zones of clearing were measured after 7 days of incubation at 28°C. Flagellar motility was assessed by measuring the circular swarm diameter after 7 days at 28°C of strains spotted (10 l) into 2-mm wells (created with a no. 
hydrochloride, 100 mg L-methionine, 100 mg nicotinic acid, 10 g glucose, and 1 g L-glutamic acid per liter] with 0.3% agar.
Assays for sensitivity to antimicrobial compounds. For testing sensitivity to H 2 O 2 , cells cultured overnight were washed twice with sterile, distilled, deionized water and diluted in H 2 O to an OD 600 of 0.2 (approximately 5 ϫ 10 7 CFU/ml). Cells were treated by addition of H 2 O 2 to a final concentration of 20, 60, or 100 mM for 15 min. Viable cells were quantified by dilution plating, with incubation for 3 days at 28°C. Survival rates were calculated as a percentage of untreated cells. To test sensitivity to SDS, plant-derived antimicrobials, or novobiocin, strains were cultured overnight in GYE liquid, diluted to an OD 600 of 0.04, and again cultured overnight in GYE, with or without the compound being tested, at a concentration found empirically to be the minimal concentration that inhibited colony formation by the wild type on GYE agar plates within 7 days at 28°C. Cafestol was not inhibitory to the wild type at any of the concentrations tested in the plate assay, so the highest tested concentration (200 mg/liter) was used in the liquid culture assay. The effect on growth of the cells was assessed by measuring the OD 600 of the treated culture as a percentage of the untreated one.
CyaA assay for type III secretion into rice cells. Rice leaves were infiltrated with bacterial suspensions at an OD 600 of 0.4 by needleless syringe. At 8 h after inoculation, three replicate samples containing 8 inoculated spots each were collected by using a no. 2 punch, frozen in liquid nitrogen, and ground with mortar and pestle into powder. The ground leaf tissues were suspended in 250 l of 0.1 M HCl, centrifuged briefly, diluted 100-fold in 0.1 M HCl, and assayed with the Correlate-EIA cyclic AMP enzyme immunoassay kit (Assay Designs, Ann Arbor, MI) according to the manufacturer's directions. For normalization across samples, the amount of total protein in each sample was determined by using the bicinchoninic acid (BCA) protein assay kit (Pierce). Since this is a destructive assay, normalization to bacterial cell numbers was carried out by using population averages in three sets of leaves inoculated in parallel.
Attachment assay. Fresh bacterial cultures grown overnight in GYE were resuspended to an OD 600 of 0.4 in MM4 minimal medium. Cells were radiolabeled by adding 2 Ci of EasyTag L-[
35 S]methionine (18.5 MBq; PerkinElmer) and incubating the cells overnight at 28°C with shaking. Bacteria were washed and resuspended in 10 mM MgCl 2 to a final volume of 1 ml. Specific activities (typically between 4 ϫ 10 Ϫ3 and 5 ϫ 10 Ϫ3 cpm per bacterium) were calculated based on OD 600 and radioactivity. Radioactivity was measured with a scintillation counter (Beckman), using vials with 3 ml of Aquafluor (Fisher). Labeled bacteria were added to fresh oat cell suspension cultures (gift of W. A. Miller, Iowa State University), and the mixed suspensions were incubated at 28°C on a rotary shaker at 100 rpm for 2 h. The number of bacteria attached to the oat cells was estimated by trapping the plant cells on 20-mpore-size Nitex filters (Millipore), washing twice with 20 ml phosphate-buffered saline, and measuring radioactivity by scintillation counting, as described above.
RT-PCR analysis of hrp gene expression in planta. Analysis of hrp gene expression in inoculated leaves was carried out as described above for pathogenesis-related rice genes, except that (i) RT was carried out by using 5 g RNA in a 20-l reaction mixture, such that 2 ng of the product corresponded to 500 ng RNA, and (ii) gene-specific primers were used in both the RT and PCR steps. The primer sets used are listed in Table 2 .
RESULTS

Requirement of wxocB for the LPS O chain and for normal accumulation of EPS.
To confirm the predicted role of wxocB in LPS synthesis and explore its role in virulence, we first cloned wxocB into the broad-host-range expression vector pUFRO47, resulting in pWxocB. In this plasmid, expression of wxocB is driven by the lac promoter, which is constitutive in Xanthomonas (37). We then transformed BLS303wxocB
Ϫ with pWxocB and analyzed LPS preparations from BLS303, BLS303wxocB
Ϫ , and this strain by Tricine SDS-PAGE. The wxocB mutant showed a profile indicating complete loss of the O chain (6), which was restored in the pWxocB transformant. BLS303wxocB
Ϫ also showed a moderate reduction in accumulation of EPS that was restored by comple- mentation with pWxocB. Thus, wxocB is required for intact LPS and for wild-type levels of EPS production (Fig. 1A to C) .
Virulence of BLS303wxocB ؊ compared to an EPS-deficient mutant. The virulence deficit in BLS303wxocB Ϫ manifests as an approximately 75% reduction in lesion length as well as significantly reduced population growth over time following syringe inoculation into rice leaves. Full virulence was restored by pWxocB. To assess whether the virulence defect was due solely to the reduction in EPS associated with the wxocB mutation, a transposon insertion mutant completely devoid of EPS due to disruption of the EPS-specific glucosyltransferase gene gumD (38) was isolated and assayed. Lack of EPS caused only a moderate reduction in lesion length and bacterial population growth relative to those of the wild type. Thus, wxocB is required for full virulence, and this cannot be accounted for solely by the effect of the wxocB mutation on EPS accumulation (Fig. 1D to F) .
Structure of the LPS of X. oryzae pv. oryzicola BLS303. To further examine the role of wxocB in LPS formation, we determined the structural composition of the LPS preparations from BLS303 and BLS303wxocB
Ϫ . Monosaccharide analysis (GC-MS of alditol acetates) of the whole LPS from BLS303 revealed the presence of rhamnose, 3-O-methyl-rhamnose, xylose, and minor amounts of mannose and glucose. GC of trimethylsilylated (R)-2-butyl glycosides was used to determine the absolute configuration of the monosaccharides and showed an L configuration for Rha and a D configuration for Xyl. Fatty acid analysis of the LPS revealed the presence of C 11:0 , C 10:0 (2-OH), C 11:0 (2-OH), C 11:0 (3-OH), C 12:0 (3-OH), and C 13:0 (3-OH) fatty acids, which agrees well with data reported previously for Xanthomonas campestris (15) .
The LPS was subjected to mild acid hydrolysis, and water-soluble products were separated by gel chromatography on a Sephadex G-50 column to give a polysaccharide (PS) fraction and a core oligosaccharide (OS) fraction. The PS fraction had a wide dispersion of molecular mass and gave a broad tailing peak, indicating chains of various lengths.
NMR analysis of the PS showed that it had irregular structure. Specifically, the NMR spectra contained a large number of H-1 signals (4.5 to 6 ppm) of various intensities, indicating that the PS had no strictly defined repeating unit. A large number of spin systems, belonging mostly to ␣-and ␤-rhamnose and ␤-xylopyranose, were identified (Fig. 2) . Assignment of most of the signals in two-dimensional (2D) spectra (COSY, TOCSY, NOESY, HSQC, and HMBC) led to the conclusion that the polymer consists of a backbone trisaccharide repeating unit, -2-␣-Rha-3-␤-Rha-4-␣-Rha-. The source of irregularity was partial 3-Omethylation of 4-substituted Rha and partial substitution of 3-substituted Rha by ␤-xylopyranose at position 2. Each of these additional components was present on ϳ50% of the repeating units, thus giving four variants of the structure (Fig. 3) . No NOE were observed across the variants of repeating units, indicating that there are long stretches of PS chains with identical repeating units. Table 3 shows NMR data for the backbone and variant monosaccharides. Although the structure was complex, signal spread in the 1 H NMR spectra was very favorable, with minimal signal overlap. Thus, nearly all signals for all variants of the monosaccharides were identifiable (Fig. 2) . Sequence of the monosaccharides could be tracked by using NOE correlations between each anomeric proton and the proton on the other side of the respective glycoside linkage (transglycosidic proton). Methylated Rha residues were identified based on NOE correlations between methyl group signals and H-2 and H-3 of the monosaccharides and from HMBC correlations. Methylation analysis of the PS revealed terminal xylopyranose and 2-, 3-, 4-, and 2,3-substituted rhamnose, in agreement with the proposed structures. The PS structure was further confirmed by Smith degradation: NaIO 4 oxidation and mild acid hydrolysis gave two main products, ␤-Rha-2-(4-deoxy)-threitol, produced from the structural variants without methylated Rha, and OS 1, which contained 3-O-methyl-Rha (Fig. 3) . The structure of OS 1 was confirmed by NMR (Table 3) .
Core oligosaccharides isolated after acetic acid (AcOH) hydrolysis were separated by anion-exchange chromatography to give three fractions differing by phosphorylation. The OS structure in each fraction was determined by NMR (Table 4) . Each fraction contained an OS with three Man, one Glc, and one Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) as well as a corresponding variant that lacks an ␣-Man-3-␣-Man-(G to F) fragment, designated OS 2, 3, and 4 and OS 2=, 3=, and 4=, respectively (Fig. 3) . OS 3 and 3= contain ␣-GalAN-P-(the N denotes GalA in the form of an amide) at O-3 of Man E, and OS 4 and 4= contain phosphate at this position (Fig. 3) . These originated from the same LPS structure, GalAN-P, having been partially lost during hydrolysis. ESI MS gave molecular masses of 870.4 atomic mass units (amu) for OS 2 and 950.5.2 amu for OS 4, which is 2 mass units more than the calculated value for the respective structures. This is usually observed as a result of poor exchange of deuterium at Kdo degradation products after NMR in D 2 O. OS 3 had an observed mass of 1,124.5 amu (calculated mass, 1,124.7 amu). This was probably due to the presence of the GalA residue in the form of an amide (GalAN). Indeed, NMR analysis of galacturonic acid, released in the free form after AcOH treatment of the LPS, showed two sets of signals. Both compounds were separated by anion-exchange chromatography to a neutral amide and an acid form. They were reduced with NaBH 4 , derivatized by mild HCl-methanol (MeOH) treatment and acetylation, and analyzed by GC-MS. The mass spectrum of amide alditol contained an intense peak of a decarboxylation product at m/z 362 (M-44) and a series of peaks at m/z 116, 188, and 260 (44 ϩ n ϫ 72) as well as peaks of secondary fragments. Methyl ester alditol was identified with a synthetic standard. Thus, the LPS contained both amide and free GalA, and the amide form was partially retained, linked through phosphate to O-3 of a core mannose. Whether free GalA was present at the same or a different position in the LPS is unknown.
Parallel analysis of the preparation from the wxocB mutant indicated that it was lipooligosaccharide with no PS and a core identical to that of the wild type (Table 4 ). This observation is consistent with a role for WxocB as a rhamnosyltransferase involved in PS (rhamnan) assembly beginning at the third rhamnose residue attached to the core oligosaccharide, as suggested previously for its homolog RgpF (5) .
Host defense gene expression in response to the wxocB mutant. To determine whether the reduced virulence of BLS303wxocB Ϫ might be due to greater elicitation of rice defense responses, possibly by the exposed core oligosaccharide, transcript levels in rice leaves of three defense-associated genes, EL2 (39), PR1 (40) , and POX22.3 (41) , were monitored by semiquantitative RT-PCR at several time points over 4 days following inoculation with BLS303, BLS303wxocB Ϫ , or a mock inoculum. Observed transcript levels of all three genes increased over time in the wild-type-and the wxocB mutant-inoculated leaves to roughly the same extent. Although this experiment did not account for any differences in bacterial titers at later time points, the results indicate that the reduced virulence of BLS303wxocB Ϫ is not associated with a dramatic difference in elicitation of plant defense (Fig. 4A) .
Type II secretion and motility. To investigate whether a defect in type II secretion or motility is involved, the wild-type and wxocB mutant strains were compared by using standard plate assays for protease secretion and swimming (see Materials and Methods). No differences were observed in either ( Fig. 4B and C) . We attempted to compare twitching motility as well, but neither strain exhibited it on any of several minimal or nutrient-rich media tested in a standard thin agar plate assay (42) .
Sensitivity to oxidative stress and phytoalexins. To assess whether increased sensitivity to oxidative stress or antimicrobial compounds that might be encountered in the plant could be involved in the reduced virulence of the wxocB mutant, BLS303wxocB
Ϫ was compared to BLS303 for sensitivity to H 2 O 2 and several representative plant antimicrobials, primarily phytoalexins. Estimated by dilution plating following treatment in suspension, BLS303wxocB
Ϫ was in fact less sensitive to H 2 O 2 than the wild type. Complementation with pWxocB restored normal sensitivity. Thus, the reduced virulence of the wxocB mutant is likely unrelated to the ability to withstand oxidative conditions that may occur in the leaf apoplast (Fig. 4D ). For antimicrobials, since none of the 15 phytoalexins that have been isolated from rice (43) were available commercially, we tested sensitivity to four representative plant compounds on supplemented liquid media ( Table 5) . Two of these compounds had significant inhibitory effects on both BLS303 and BLS303wxocB Ϫ at the same level: the phytoalexin plumbagin, a naphthoquinone isolated from roots of Plumbago scandens (44) , and resveratrol, a compound found largely in the skin of red grapes (45) . BLS303wxocB
Ϫ was less sensitive than BLS303 to the third compound, the phytoalexin berberine, an alkaloid found in herbs such as berberis and goldenseal (46) . The fourth compound, the phytoalexin cafestol, is a diterpene isolated from the bean of Coffea arabica (47) . Notably, 14 of the 15 known rice phytoalexins are diterpenes. Cafestol showed no significant inhibition of the growth of either the wild type or the mutant. These results thus provide no evidence that differential effects of antimicrobial compounds in rice can explain the virulence deficit of the wxocB mutant. However, the wxocB mutant was more sensitive to the detergent SDS, consistent with previous results for Xanthomonas citri (18) , and to novobiocin, an antibiotic produced by the actinomycete Streptomyces niveus (Table 5) . Therefore, the possibility of differential effects of some phytoalexins or other antimicrobial compounds in rice cannot be ruled out.
Type III secretion. We next asked whether T3S is affected by the wxocB mutation. BLS303wxocB
Ϫ and, for comparison, BLS303 and a T3S-deficient derivative of BLS303 were transformed with pKEB45 (Table 1) , which carries a translational fusion of the type III effector gene avrXa10 with the cyaA gene. The product of cyaA serves as a reporter for protein delivery into the eukaryotic cell by virtue of its calmodulin-dependent adenylate cyclase activity (48) . Cyclic AMP (cAMP) levels in rice leaves 8 h following inoculation with these transformants, normalized to bacterial populations in leaves inoculated in parallel, revealed a nearly 10-fold reduction in T3S into rice cells in the wxocB mutant relative to the wild type. cAMP levels for the wxocB mutant were higher than those for the T3S-deficient strain. Thus, mutation of wxocB causes a marked but not complete loss of T3S-mediated protein delivery into rice cells (Fig. 5A) . As an independent measure of T3S efficiency, we assayed by semiquantitative RT-PCR the induction of LOC_Os06g46500, a rice gene activated by the type III secretion-delivered transcription activator-like (TAL) effector Tal2g of X. oryzae pv. oryzicola (our unpublished results). In rice leaves 4 days after inoculation with the wxocB mutant, levels of LOC_Os06g46500 transcript were detectably lower than those in leaves inoculated with the wild-type strain, and levels were restored to near-wild-type levels by inoculation with the complemented strain. Although this experiment did not account for any differences in bacterial titers at 96 h in these leaves, the results are consistent with decreased T3S delivery of Tal2g by the wxocB mutant relative to the wild type. We also assayed the gumD mutant. It induced similar levels of LOC_Os06g46500 transcript as the wild type, indicating that the deficit of the wxocB mutant was unrelated to its decrease in EPS (Fig. 5B) .
Attachment to plant cells. To investigate whether the reduced T3S was due to a reduced ability to attach to plant cells, BLS303 and BLS303wxocB
Ϫ cells were radiolabeled and added to oat cell suspensions (gift of W. A. Miller). Following incubation for 2 h, the plant cells were trapped on a 20-m filter and subjected to scintillation counting to estimate numbers of attached bacterial cells. No differences between the wild-type and mutant strains were observed (Fig. 5C ). Estimated numbers of attached bacterial cells increased in proportion to an increase in the number of bacteria introduced at the start, indicating that measurements were made at subsaturation levels of attachment. No significant radiolabel was retained in the absence of plant cells (not shown). In this control experiment, plant cells were removed from the medium immediately prior to addition of the bacteria. Thus, the reduced efficiency of T3S-mediated protein delivery by BLS303wxocB Ϫ is not due to a reduced ability to attach.
Expression of type III secretion genes in planta. In light of the regulatory interactions between LPS synthesis and T3S in P. aeruginosa and Y. enterocolitica, we tested the possibility that hrp genes, which encode the T3S machinery (49) , are downregulated in the wxocB mutant. We carried out semiquantitative RT-PCR to compare transcript levels of hrpE and hrcC in BLS303 and BLS303wxocB Ϫ cells 24 and 96 h after inoculation into rice leaves. For both genes, transcript accumulation was the same in the two strains, indicating no general effect of the wxocB mutation on regulation of the T3S system (Fig. 5D ).
DISCUSSION
In this study, we demonstrated that the wxocB gene of X. oryzae pv. oryzicola BLS303 functions in synthesis of the LPS O chain of this important rice pathogen and that it is required for wild-type levels of virulence, EPS production, and T3S into host cells. A fully EPSdeficient gumD mutant was only moderately attenuated in virulence, indicating that the virulence contribution of wxocB cannot be fully explained by its relationship to EPS production. None of several other pathogenesis-associated properties was negatively affected by disruption of wxocB, including type II secretion, motility, and resistance to phytoalexins or oxidative stress. Also, there were no dramatic differences in host defense gene elicitation by the wxocB mutant strain relative to the wild type. Thus, the relationship of wxocB to efficient T3S likely accounts in large part for the importance of wxocB in virulence.
It is important to note that in our second assay of T3S at 96 h, in which we used the effector-induced expression level of a rice gene as an independent measure, it is possible that, in contrast to the 8-h measurement using cyaA, the reduced levels were due in part to a reduced overall bacterial population relative to that of the wild type. The population growth data shown in Fig. 1C reveal an early drop in population size for the mutant followed by a resumption of growth at a rate similar to that of the wild type. Conceivably, then, the T3S deficit might be more pronounced at the earlier time point or more consequential at the early stages of infection, intriguing possibilities which remain to be explored.
We determined the structure of the X. oryzae pv. oryzicola BLS303 LPS. The core oligosaccharide portion appears to be identical to that of two strains of X. campestris pv. campestris (15 [Silipo et al. incorrectly showed Glc in the core substituted at O-3], 50). We were unable to detect a phosphoramide substituent in the core, as reported previously for X. campestris (50) , but this is because O-deacylated LPS gave no good NMR spectra. It seems likely, therefore, that the LPS core structure is broadly conserved within the genus. The O chain, or polysaccharide portion, similar to that of X. axonopodis pv. vitians (51) , consists of a polyrhamnose backbone with irregular structure. Because the predicted function of WxocB as a rhamnosyl transferase is consistent with a direct role in assembly of the O chain, we conclude that the requirement of wxocB for virulence, EPS production, and T3S reflects a requirement of the O chain.
The reason for the reduced EPS in the O-chain-deficient wxocB mutant is not clear. Examples of LPS mutants affected in EPS are relatively common (e.g., see reference 52). If an LPS biosynthesis pathway is disrupted due to a mutation, substrates and intermediates may accumulate and inhibit enzymes in an EPS pathway that shares them, or, if the mutation affects a shared enzyme, both pathways can be blocked. However, neither of these scenarios adequately explains BLS303wxocB Ϫ because its EPS, xanthan, does not contain rhamnose, and there is no block in production of the core oligosaccharide in this mutant. There may be a more complicated feedback regulatory mechanism that links the production of the O chain with the production of EPS. We did not examine whether the LPS profile of the gumD mutant differs from that of the wild type. Indeed, we cannot rule out the possibility that the moderate virulence defect associated with the loss of EPS in BLS303gumD
Ϫ is due to a coincident perturbation of the LPS. In animal cells, proposed mechanisms for contribution of the O chain to virulence center on recognition. In Salmonella enterica serovar Typhimurium, the length of the O-chain side chain influences uptake by macrophages (53) . Helicobacter pylori appears to use the O chain to mimic blood group antigens and avoid host immune responses (54) . Consistent with the fact that some LPSs are recognized in plants as MAMPs, the gene cluster for LPS biosynthesis in which wxocB resides in BLS303 is hypervariable across Xanthomonas genomes, even at the interstrain level. This suggests that LPS, and perhaps the O chain specifically, is under intense diversifying selection and probably plays an adaptive role in the interactions of Xanthomonas spp. with their hosts (7) .
Because the core and lipid A of X. campestris pv. campestris LPS trigger defense in Arabidopsis, we reasoned that loss of the O chain in X. oryzae pv. oryzicola might expose components of the remaining lipooligosaccharide that more strongly elicit rice defense responses and thus account for the reduction in virulence of the wxocB mutant. On the other hand, when synthetic O-chain repeat units were used to pretreat Arabidopsis plants, they themselves functioned as a MAMP, inducing PR1 gene expression (55) . Therefore, loss of the O chain might reduce defense gene induction in the case of BLS303wxocB Ϫ .
As noted, however, we in fact observed no differences in the induction of defense genes in rice in leaves inoculated with the wild type versus the O-chain-deficient wxocB mutant.
On the surface, this observation suggests that plant defense responses are unrelated to the importance of the O chain in bacterial leaf streak, but the reality could be more complex. First, our experiment did not account for differences in population sizes of the mutant versus the wild type at later time points. If elicitation of defense genes is dose dependent, the results could reflect greater elicitation of defense genes by the mutant, on a per-cell basis, that results in no apparent overall difference because the number of mutant cells is lower. However, the relatively high initial inoculum titers used and the lack of difference even at early time points argue against this. Instead, the observed expression patterns could derive from countereffects of defense-eliciting LPS and defenseinhibiting type III effectors. Such countereffects in the wild type might result in a net moderate level of defense elicitation that allows for the observed wild-type levels of colonization. In the wxocB mutant, lack of the O chain would reduce the delivery of defense-inhibiting type III effectors, but it could also render LPS a less effective defense elicitor, resulting in a net defense elicitation that is unchanged relative to that of the wild type. In this scenario, the reduction in virulence of the wxocB mutant would be explained by other factors, including the reduced delivery of type III effectors that are necessary for nutrient and water acquisition or other processes important for colonization. We demonstrated previously that T3S (hrp) mutants of X. oryzae pv. oryzicola BLS303 are nonvirulent (3, 30) . Further studies comparing plant defense responses to a T3S mutant and a T3S wxocB double mutant, for example, might distinguish whether interplay between defense elicitation by LPS and defense inhibition and possibly other actions by type III effectors determines wild-type virulence. A direct role for the O chain in protection against plant defenses remains another potential complexity, despite our largely negative results in this regard. As noted, the increased sensitivity of the mutant to SDS and the antibiotic novobiocin indicates a potential for differential susceptibility to compounds in rice that we were unable to test.
Also not yet tested, the O chain might provide protection from osmotic stress that can occur during the plant defense response.
However, given the importance of the O chain for efficient T3S, revealed here, determining the mechanistic basis for this dependence stands out as a priority question for future work. Since we observed no effects of the wxocB mutation on attachment to plant cells or on regulation of hrp genes, we speculate that the dependence is structural. The O chain makes the surface of the bacterial cell hydrophilic, and this might be necessary for efficient assembly of the T3S pilus, or the O chain might protect the pilus from degradation by proteases (plant or bacterial) present in the apoplast. Possibly, the O chain creates a distance between the bacterial and plant cells that positively influences the ability of the type III needle to penetrate the plant cell wall. The effect of O-chain length on efficiency of SPI1-T3S but not SPI2-T3S in Salmonella supports this concept, since the SPI system (in contrast to the SP2 system) plays its role when the pathogen is outside the host cell (26) . Testing of the possible structural dependency of the X. oryzae pv. oryzicola T3S system on its LPS, however, awaits a means of inducing T3S by BLS303 in vitro, which so far has been elusive.
